Abstract. Spherical Hartree-Fock calculations with projection onto zero total linear momentum before the variation are performed for the nuclei 4 He, 12 C, 16 O, 28 Si, 32 S and 40 Ca using a density-independent effective nucleon-nucleon interaction. The results are compared to those of usual spherical Hartree-Fock calculations subtracting the kinetic energy of the center-of-mass motion either before or after the variation and to the results obtained analytically with oscillator occupations. Total energies, hole energies, elastic charge form factors and charge densities and the mathematical Coulomb sum rules are discussed.
Introduction
We consider the nucleus as a closed system of interacting, non-relativistic nucleons. The homogenity of space requires that the total linear momentum of this system is conserved. Consequently, the Hamiltonian describing any particular nucleus cannot depend on the center-of-mass (COM) coordinate of its constituents, but (besides on spin and isospin quantum numbers) only on relative coordinates and momenta. The dependence on the total momentum is trivial: it describes the free motion of the total system and can always be transformed away by considering the system in its COM rest frame. We have then to solve the corresponding Schrödinger equation for the remaining "internal" Hamiltonian. In principle, this can be achieved by writing this Hamiltonian in Jacobi coordinates. However, nucleons are fermions and thus do obey the Pauli principle. Since the Jacobi coordinates depend on all the nucleon coordinates, thus an explicit antisymmetrization of the wave functions is required as it is performed, e.g., in few-body physics. Being already there sometimes rather involved though still feasible, such an explicit antisymmetrization becomes impossible in the many-body system (e.g., the antisymmetrization of 20 like nucleons would require 20 factorial different terms). Thus in the manybody system the antisymmetrization usually is performed implicitly by expanding the wave functions in terms of Slater (or generalized Slater) determinants. In this way the Pauli principle is automatically fulfilled. The Slater a e-mail: karl.wilhelm.schmid@uni-tuebingen.de determinants, however, depend on 3A instead of the allowed 3A-3 coordinates and thus contain contaminations due to the motion of the system as a whole, so-called "spurious" admixtures. Galilei invariance is broken.
This defect of almost all microscopic nuclear-structure models has been recognised [1] almost immediately after the development of the shell model. It was shown later in [2] that in case of pure-harmonic-oscillator configurations one can get rid of this problem by diagonalizing the (oscillator) COM Hamiltonian and projecting all states not corresponding to the ground state of this operator out of the spectrum of the many-nucleon Hamiltonian. This procedure, however, requires the use of so-called complete n ω spaces (since only then COM and internal excitations decouple exactly) and thus is of little help in most of the usual approaches to the nuclear many-body problem. A more general solution is the projection of the wave functions into the COM rest frame [3] , which ensures translational and, if performed before solving the corresponding Schrödinger equation (usually by variational methods) even full Galilei invariance [4] . The key idea of this projection is to superpose the wave function shifted all over normal space with identical weights and thus to achieve vanishing total linear momentum. Since the bound states of a nucleus are localized, this procedure always does converge (for scattering states a slightly different procedure has to be used [5] ). The projection method has the advantage that it works in general model spaces as well as for general (non-oscillator) wave functions.
Though in principle known since almost half a century, only few practical calculations have been performed using 46 The European Physical Journal A this method. The reason for this is quite simple: the projection operator is an A-body integral operator with the rather nasty property to link the usual model space states to rather highly excited (and thus usually unoccupied) ones as well as to the fully occupied ones, which are often treated as an inert core. This is easy to understand: any change of the linear momentum of the valence nucleons requires a corresponding change of the linear momentum of the core in order to ensure vanishing total linear momentum for the system. Unlike the angular momentum, the linear momentum is thus a true A-body correlation and hence much more complicated to treat than the latter.
Because of these difficulties, instead of treating Galilei invariance correctly, its breaking is usually neglected adopting the well-known textbook argument that it induces only 1/A effects and thus "can savely be neglected for nuclei beyond oxygen" [4] , provided the usual approximate corrections like subtracting the kinetic energy of the COM motion from the original Hamiltonian or the use of the so-called Tassie-Barker factor [6] in the analysis of form factors are done.
That this, however, is not true has been shown by several studies within the last decade. Hartree-Fock calculations with projection into the COM rest frame for 4 He [7] as well as the analysis of form factors and charge densities of several spherical nuclei [8, 9] have demonstrated that the correct treatment of Galilei invariance yields considerable effects far beyond the usually assumed 1/A level. The same holds for scattering states as demonstrated in ref.
[10] for the inclusive quasi-elastic electron scattering again from 4 He. Recently now, a whole series of model investigations [11] [12] [13] 5 ] has been published, in which the COM effects have been studied in a more systematic way. Considerable effects have been seen for spectral functions and spectroscopic factors, transition form factors and densities, energies of hole states, Coulomb sum rules, response functions and many more. These investigations, however, have been undertaken with rather simple wave functions: the ground states of the doubly even A-nucleon systems 4 He, 16 O and 40 Ca have been described in the simpleoscillator limit and for the ground and excited states of the corresponding odd (A − 1)-nucleon systems simple one-hole states have been used. This has the advantage that all calculations can be performed analytically, but is definitely not very realistic. So, e.g., the above-mentioned pure-oscillator A-nucleon configurations are non-spurious and thus the projection yields here no additional effect with respect to the usual approach to subtract the kinetic energy of the COM motion. It is hence desirable to study, e.g., these ground states in more realistic approaches. This will be done in this and a forthcoming paper.
For this purpose we have performed spherical HartreeFock calculations with projection into the COM rest frame before the variation for the six nuclei 4 He, 12 C, 16 O, 28 Si, 32 S and 40 Ca. The results have been compared with those of normal spherical Hartree-Fock calculations subtracting the kinetic energy of the COM motion either before or after the variation and with the analytically obtained oscillator results out of ref. [13] . For each of the considered nuclei up to 19 major oscillator shells have been used as single-particle basis. As effective interaction, the simple Brink-Boeker force B1 [14] has been taken. We are aware of the fact that this interaction is not very realistic. However, the aim of the present investigation is not a comparison with experiment but the study of the effects of a correct treatment of Galilei invariance. For this purpose, the B1 interaction is as good as any other. Furthermore, consisting out of Gaussians, it can be treated in the oscillator limit analytically and thus allows for a direct comparison with the results reported in ref. [13] .
Section 2 of the present paper gives a short summary of the spherical Hartree-Fock approach with projection into the COM rest frame before the variation. Section 3 will then describe some details of the calculations and present the results for the total energies, the hole energies, the elastic charge form factors and corresponding charge densities and the Coulomb sum rules. Conclusions, three appendices with some detailed formulas and references conclude the present paper.
In the second of the present series of two papers we shall then discuss the effects of the correct treatment of Galilei invariance on the spectral functions and spectroscopic factors obtained with the wave functions out of the present paper.
COM-projected Hartree-Fock
The essential mathematics for Hartree-Fock calculations with projection into the COM rest frame before the variation has been presented in detail already in ref. [7] and hence will be summerized only briefly in the following. We start by defining our model space by M b oscillator singleparticle states, the creators of which will be denoted by {c † i ; i = 1, ..., M b }. We shall furthermore assume that the effective Hamiltonian appropriate for this model space is known and can be written in the chosen representation as a sum of only one-and two-body parts,
where t(ir) are the single-particle matrix elements of the kinetic-energy operator and v(ikrs) the antisymmetrized two-body matrix elements of the considered interaction. We shall assume that this interaction is translational invariant, i.e., it does not depend on the center-of-mass coordinate of the two nucleons. Density-dependent interactions (in their usual form) do not fulfill this requirement. Their treatment is much more complicated, as has been described in detail in ref. [13] . Such interactions will not be considered in the present paper.
In the Hartree-Fock approach one searches for the optimal one-determinant representation of the A-nucleon ground state having the form
